Pyrrole, thiophene, and furan were plasma polymerized on low-density polyethylene (LDPE) film. The deposition rate of pyrrole and thiophene was relatively high and similar at various conditions, while that of furan was low. The plasma-polymerized films were analyzed with X-ray photoelectron spectroscopy (XPS) and attenuated total reflection (ATR) FTIR. A certain amount of oxygen was found on the surface of the films from pyrrole and thiophene even though the monomers did not contain oxygen. The oxygen concentration of the films from pyrrole and thiophene increased gradually with time. Water in air was thought to responsible for the increase of oxygen concentration. For the film from furan, oxygen concentration was high and did not increase so much.
Introduction
Polypyrrole, of which structure is shown in Figure 1 , is known as an electrically conducting polymer, which can be obtained as a film with good mechanical properties usually by electropolymerization . Recently, Okuzaki et a!. discovered quick and reversible bending-andstretching of electropolymerized pyrrole film by absorption and desorption of water [1, 2] . This phenomenon is due to a van der Waals absorption (desorption), and is not related to its electroconductivity . Since the response is very fast, they demonstrated the film for the application to a chemomechanical rotor.
Plasma polymerization is an easy method to form thin films in dry system. We have prepared thin films by the plasma polymerization of pyrrole [3] . When plasma-polymerized pyrrole sample deposited on low-density polyethylene (LDPE)film was taken out to ambient air, the film rolled up to be like a thin straw in a fraction of a second with the plasma polymer side outside (LDPE side inside). This phenomenon is thought due to the absorption of water in air.
We have also found that 0 concentration on the film surface of plasma-polymerized pyrrole increased gradually over a long period of time such as a month based on the measurement of X-ray photoelectron spectroscopy (XPS). Because the increment of 0 concentration was higher when the sample was stored in air rather than in a desiccator, great part of 0 was thought to come from water. From the results of IR spectroscopic measurement, we suspected that nitrile group formed in the plasma polymerization reacted with water. In this paper, we chose thiophene and furan in addition to pyrrole, and compared the polymerization behavior in plasma state and properties of plasma-polymerized films. These monomers are all five-membered heteroaromatic compounds. The structures of polythiophene and polyfuran are also shown in Fig . 1 along with polypyrrole. The monomers are arranged regularly to maintain conjugated system. Polythiophene as well as polypynole is well-known as an electrically conducting polymer.
Experimental 2.1. Materials
Pyrrole, thiophene, and furan, used as monomers, were purchased from Wako Pure Chemical (special grade or 1st grade). As a substrate, LDPE (30-.tm thick) was used after ultrasonic cleaning and rinsing in ethanol.
Plasma polymerization.
Plasma polymerization was carried out with plasma polymerization apparatus shown in Figure  2 . Plasma was created between a pair of stainless steel electrodes (160-mm d., 60-mm gap). Three pieces of LDPE substrate (40 x 70 mm) were placed on the bottom electrode. The reactor was evacuated with both a rotary vacuum pump and a mechanical booster for one hour for the pressure to be less than 1 Pa, then the mechanical booster was turned off. Monomers were introduced into the reactor through a needle valve to be predetermined pressure. The pressure of the system was monitored with anabsolute pressure gauge (MKS Baratron 122AA).
Capacitively coupled plasma was created with an rf generator of which power was supplied to the upper electrode. Plasma discharge power was varied from 25 to 100 W. Plasma polymerization time was fixed to 5 min for XPS measurement and 45 min for attenuated total reflection (ATR)-FTIR measurement. After the polymerization, we purged dry nitrogen, and put the samples into desiccator if necessary. Deposition rate and total thickness during the plasma polymerization were monitored with a deposition monitor (Leybold Inficon, XTMJ2) that had a quartz oscillator and gold-coated sensor.
Surface Analysis
Surfaces of the plasma-polymerized films were analyzed with XPS and ATR-FTIR.
Surface chemical compositions of the films were investigated with XPS (Shimadzu ESCA-750).
Structures of the films were investigated with ATR-FTIR (Shimadzu, FTIR-8000). ATR is a measurement technique mostly restricted to surfaces. 3 . Results and Discussion 3.1. Deposition Rate Figure 3 shows deposition rate in plasma polymerization of pyrrole, thiophene, and furan at various conditions. Flow rates of the monomers at the pressure of 10 and 20 Pa are equivalent to about 3 and 7 sccm, respectively.
Since the structures of those monomers are resembled, polymerization behavior is thought to be similar. Among the three monomers, in Fig. 3 , deposition rate patterns of pyrrole and thiophene are similar, but the deposition rate of furan is lower in the most of the conditions.
The reason for the lower deposition rate of furan is that it contains oxygen in the molecule, which enhance etching during the plasma polymerization.
In these conditions of the plasma polymerization of pyrrole and thiophene, plasma energy density is high enough, thus deposition rate is nearly proportional to the pressure and almost independent of the plasma discharge power. Since the plasma energy density is already high, much higher input power tends to cause ablation and etching. Therefore, it is not an abnormal phenomenon that deposition rate decreases with plasma power. Etching is very competitive especially for furan at 10 Pa.
XPS Analysis
In general, plasma-polymerized films are said to be very stable in physically and chemically. However, great amounts of radicals are usually formed on the surface after the plasma polymerization that are reactive especially with oxygen in air. Plasma-induced polymerization is a technique to utilize radicals formed by plasma treatment. Also, depending on functional groups formed, plasma-polymerized surfaces are not necessarily stable, at least, at the very surface.
At the beginning of this research, we tried to prepare polypyrrolelike film by plasma polymerization that deforms (bend) with water absorption. We have confirmed the shape change of the plasma-polymerized pyrrole on LDPE film: it rolls up when it is taken from the plasma reactor. The same phenomenon was observed for the plasma-polymerized thiophene and furan on LDPE films in the present study. This quick shape change is believed to be due to the absorption of water. Some hydrophilic groups are thought to be formed on the plasma-polymerized films.
We also found irreversible reaction on the surface with water. Figure 4 shows surface oxygen concentration change of plasma-polymerized pyrrole, thiophene, and furan measured with XPS when they are stored in ambient air and desiccator up to 2 weeks. The plasma condition for the preparation of those samples were 100 W,10 Pa, and 5 min. There was almost no significant dependence of the conditions on 0 concentration.
For the plasma-polymerized films of pyrrole and thiophene, a few percents of 0 was found just after the polymerization although the monomers contain no oxygen. In general, surfaces of any solid materials contain certain amounts of 0, but a few percents for the materials that are supposed to contain no oxygen is not low. In fact, untreated For the film obtained from furan, 0 concentration is higher than those from pyrrole and thiophene because furan has an oxygen in the molecule.
However, the 0 concentration for furan is smaller than the theoretical value of the monomer formula, probably because etching took place competitively.
Oxygen concentration on the surface of the plasma-polymerized pyrrole and thiophene films increased gradually with storage time. On the other hand, the increase for the film obtained from furan was very small because 0 concentration was already high from the beginning. In the comparison between storage condition, that is in air or desiccator, the increase rate is greater when they were stored in air rather than in desiccator.
The condition difference between ambient air and desiccator ishumidity. Therefore, the difference of the 0 increase rate is thought due to water. However, taking into the measuring condition of XPS (high vacuum), it is not natural to consider that water was absorbed just physically.
Kuzuya et al. measured ESR spectra of various polymer films afterAr plasmatreatment [4, 5] . Many kinds of radicals are formed on the polymer surfaces depending on the structure of the polymers. They found a typical radical formed on nonaromatic polymers was peroxy radical that could relatively stable compared with aromatic-ring-containing polymers.
If the radicals are responsible for the gradual change of surface chemical composition on the plasma-polymerized films of heteroaromatic monomers in our experiment, the aromatic rings of the monomers might have been broken. However, it is difficult to accept that the radicals are still active even after two weeks.
In the investigation of the mechanism of the reaction on the surface, we have to also pay attention to the concentration of atoms other than oxygen. Figure 5 shows surface atomic concentration change of plasma-polymerized pyrrole and thiophene films stored in ambient air for 2 weeks. N on the film from pyrrole and S from thiophene decreased almost symmetrically against 0. C, not included in the figures, decreased a little despite its high concentration, and more than a half of the increment (%) of 0 concentration was compensated by N and S. Those results indicate that 0 is not merely added, but N and S are being removed from the surface.
ATR-FTIR Analysis
A change was also observed in IR spectra. Figure  6 shows ATR-FTIR spectra of plasma-polymerized pyrrole, thiophene, and furan on LDPE just after the polymerization and stored in air for 4 weeks. Very strong and sharp peaks are due to LDPE. For all monomers, characteristic absorptions for heteroaromatic compounds, such as ones around 3100-3000 and 1600-1300 cm 1 assigned to aromatic C-H stretching and ring stretching, respectively, could not be observed clearly; therefore, the aromatic ring of the monomers might have been fairly decomposed.
For pyrrole, just after the polymerization, a new characteristic absorption was observed at 2200 cml which was assigned to C = N stretching (nitrile group). The changes observed during 4 weeks are the decrease of nitrile group and increase of C=0 stretching (carbonyl group) around 1700 cm. From these results, we assumed that the plasma-polymerized pyrrole film was reacted with water: nitrile group was hydrolyzed to be carboxylic acid.
For thiophene, the changes after 4 weeks in the spectra are the increases of C=0 stretching around 1700 cm 1 and S=0 stretching at 1050 cm-1. From these results, the surface was evidently oxidized during the storage in air.
For furan, since the intensity of the two spectra is different, it is difficult to compare, but the two spectra are basically very similar. Even the absorption of carbonyl group hardly increased. This result is consistent with the results of XPS.
The mechanism of the gradual increase of 0 concentration should be investigated based on both 02 and water. In general, there are great numbers of radicals on the surface after plasma polymerization, and it is natural to consider that the reaction of radicals is mainly restricted to 0 v not water. 0 2 reacts with radicals on carbon to form peroxide. On the decomposition of peroxide, carbonyl group may be formed.
For the plasma-polymerized film of pyrrole, nitrile group is formed, which could be hydrolyzed to be carboxyl group with the formation of ammonia. This mechanism can explain the decrease of N concentration on the surface (Fig. 5) .
For the plasma-polymerized film of thiophene, s=0 may be formed by a reaction with 02, but the role of water is not clear at the present. Since there is not enough information about S in the IR spectra, the decrease of S concentration (Fig. 5 ) is difficult to explain. Some other analytical techniques, such as ESR, are necessary for the investigation.
Conclusion
In the plasma polymerization of the heteroaromatic compounds, pyrrole and thiophene had similar polymerization behavior showing higher deposition rate than that of furan. Surface concentration of oxygen on the plasmapolymerized pyrrole and thiophene films increased gradually with time. The increase rate of oxygen was higher when the films were stored in ambient air than in a desiccator. Therefore, water is suspected for the increase of oxygen concentration. For the plasma-polymerized film of furan, oxygen concentration was relatively high just after the polymerization and it scarcely increased.
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